The physiological mechanism underlying the cost of reproduction may consist of immunodepression caused by increased parental e¡ort. Here, we report e¡ects of experimental manipulation of clutch size on T-lymphocyte cell-mediated immune response in female pied £ycatchers, Ficedula hypoleuca. Parents with reduced broods provisioned at lower rates than those caring for control and enlarged broods three days after hatching. Parents caring for enlarged broods provisioned nests at higher rates 13 days after chick hatching than those feeding control and reduced broods. Females with enlarged broods weighed less than females with control or reduced broods. No e¡ect of experimental treatment on nestling mass and size was found. The response to the injection of phytohaemagglutinin in the wing-web of females decreased with increasing brood size and with increasing provisioning rate when the chicks were three days old, when controlling for the negative e¡ect of female mass on response. The T-lymphocyte cellmediated response decreased from the reduced to the control, and from this to the enlarged group, when controlling for female mass. This e¡ect of experimental manipulation of clutch size was signi¢cant and consistent with a trade-o¡ between maternal e¡ort and immunocompetence.
INTRODUCTION
Life-history theory predicts that reproduction should entail costs in terms of parental survival or future reproduction (Williams 1966; Ro¡ 1992) . The trade-o¡ between current reproductive e¡ort and future reproduction has been repeatedly documented in birds (Linde¨n & MÖller 1989) , with scant evidence apart from survival costs of brood manipulations (Daan et al. 1996) . This last fact may be due to the inherent di¤culty in detecting signi¢cant e¡ects on survival with the sample sizes usually found in ¢eld studies (Ro¡ 1992) . Even if it is not easy to detect survival costs in a manipulative situation, their existence is still the most plausible explanation for the widespread limitation of reproductive rates in avian populations (Drent & Daan 1980) . However, our understanding of the physiological basis of such costs is still very limited. It is important to unravel the mechanism behind physiological costs of reproduction to be able to predict their importance and distribution in nature (Ro¡ 1992) .
The search for physiological costs of reproduction (Moreno 1993) has led in recent years to a focus on the immune system as the crucial link between energetic exertion and subsequent survival probabilities (Sheldon & Verhulst 1996) . Several lines of evidence point in the direction of the immune system as a possible source of life-history trade-o¡s. Several studies of altricial birds have detected e¡ects of an experimentally increased parental e¡ort on parasitation rate by haematozoa (MÖller 1996; Allander 1997) . The mechanism underlying this association could be an increased exposure to vectors or an increased susceptibility to infection due to reduced immunocompetence. Also, it is clear from brood manipulation experiments that e¡ects of reproductive e¡ort on future fecundity may be paid one year after the experimental manipulation (Gustafsson & Sutherland 1988) . The immune system o¡ers the best explanation of delayed long-term e¡ects of exertion given the importance of its so-called memory. It is still contentious if the e¡ects of workload on immunocompetence are due to the di¡eren-tial allocation of energetic resources or to alternative physiological mechanisms RÔberg et al. 1998) . However, the consensus is growing that intense work may depress the immune system (Ho¡man-Goetz & Pedersen 1994) , o¡ering a mechanism for crucial life-history trade-o¡s (Sheldon & Verhulst 1996) . The crucial, as yet untested, assumption is that a stronger immune response is bene¢cial in terms of survival or future reproduction. Manipulation of the immune response itself is needed for testing this assumption (Sheldon & Verhulst 1996) .
Although understanding the speci¢c physiological link between work rate and immunocompetence is of the utmost interest in ecological immunology , there is still need for evidence that immunodepression follows increased reproductive e¡ort in natural populations. Deerenberg et al. (1997) have shown a signi¢-cant e¡ect on the production of antibodies to sheep red blood cells in captive zebra ¢nches, Taeniopygia guttata. Additionally, they have been able to relate this depressed response to increased work rate independently of brood demand. Nordling et al. (1998) have shown a depressed humoral response to the injection of a pathogen in parent collared £ycatchers, Ficedula albicollis, caring for enlarged broods in a ¢eld study. To our knowledge, these two studies are the only evidence yet that increased reproductive e¡ort actually depresses the immune response, and only one has been performed in the ¢eld. It is thus necessary to widen the spectrum of species and populations tested in ¢eld situations before drawing strong conclusions about the generality of the reproductionî mmunity link.
The two earlier studies have focused on the humoral immune response using methods to detect the production of antibodies. These methods require repeated captures in the ¢eld and the drawing of relatively large amounts of blood. A possible caveat is that these manipulations may a¡ect the reproductive behaviours studied and be harmful to the specimens handled, especially in small animals. They may a¡ect the results in unknown ways depending on the sensitivity to capture and handling of the birds studied. The skin test provides a measure of the proliferative response potential of circulating T lymphocytes to an injected mitogen (Lochmiller et al. 1993) . This method requires two captures on subsequent days with brief handling and no sampling of blood, and is probably less stressful and harmful to the individuals studied. In the present study we use the phytohaemagglutinin (PHA) skin testing technique (Smits et al. 1999) to determine the immunocompetence of parent pied £ycatchers, Ficedula hypoleuca, feeding manipulated broods resulting from manipulated clutches. Thus we have included the potentially costly incubation phase in the experimental protocol (Thomson et al. 1998) , something which is frequently disregarded in experimental manipulations of reproductive e¡ort (e.g. Nordling et al. 1998 ).
METHODS

(a) Study area and species
The study was conducted in 1998 in a deciduous forest of Pyrennean oak, Quercus pyrenaica, at 1200 m above sea level in the vicinity of La Granja, Segovia province, central Spain (408 48' N, 48 01'W). A study of a population breeding in nestboxes in this area has been conducted since 1991. Nest-boxes (125 mm Â117 mm bottom area) are cleaned every year after the breeding season. Every year the nest-boxes are checked for occupation by pied £ycatchers, and the dates of clutch initiation, clutch sizes and number of £edged young are determined. Nestlings are weighed 13 days after hatching (hatching day day 0), to the nearest 0.1g, with a spring balance, and their tarsi are measured with a digital caliper to the nearest 0.01mm.
The pied £ycatcher is a small (12^13 g), hole-nesting passerine of European woodlands (Lundberg & Alatalo 1992) . It is a summer visitor, which adapts readily to breeding in arti¢cial nest-boxes. Egg laying in the population being studied typically begins in late May, and clutch sizes range from two to eight eggs with a mode of six eggs (mean 5.73). The female incubates alone and receives part of her food from her mate (Lundberg & Alatalo 1992) . Young are brooded by the female only up to an age of seven days (Winkel & Berndt 1972) . Both sexes feed the young. Young £edge within 14^16 days of hatching (Lundberg & Alatalo 1992) . This occurs in the second half of June in our study area. There are no second clutches in this species.
(b) Manipulation of reproductive e¡ort
On the day after clutch completion, two randomly selected eggs from nests included in the reduced treatment were transported to nests included in the enlarged treatment. Two eggs of nests in the control treatment were brie£y removed and put back in their nests. Trios of nests with the same clutch size and laying date were thus created (23 trios of six-egg clutches and three trios of seven-egg clutches were used for the experiment). There were no di¡erences in original clutch size (F 2,71 0.12, p 0.90) or laying date (F 2,71 0.25, p 0.78) among treatments. Nests were randomly assigned to treatments. Nests where the male was not observed on either day 3 or day 13 after hatching (see provisioning rates) and was not captured feeding nestlings, have not been included in analyses of the e¡ects of experimental treatment.
(c) Immunization
The skin test provides a measure of the proliferative response of circulating T lymphocytes to an injected mitogen. Phytohaemagglutinin (PHA) has long been known for its mitogenic properties (Hungerford et al. 1959) . The PHA-injection test has been routinely used in poultry science (Goto et al. 1978) . The main cellular response observed 6^12 h after injection consists of a prominent perivascular accumulation of T lymphocytes followed by macrophage in¢ltration (Goto et al. 1978) . The PHA-stimulated hypercellularity disappears normally 48 h postinjection. The PHA skin test is considered to be a useful method to evaluate thymus-dependent function (Goto et al. 1978) and has been routinely used as an assay of T-lymphocyte cellmediated immune function in studies of poultry (Goto et al. 1978; Tsiagbe et al. 1987; Cheng & Lamont 1988) . It is being increasingly used also in ecological studies (Sorci et al. 1997; Saino et al. 1997; Moreno et al. 1998) given its benign character compared with other methods used to evaluate immunocompetence. Typically in birds, one wing-web is challenged with PHA while the opposite is injected with phosphate bu¡ered saline (PBS), and the di¡erence between the swellings attained during 24 h is used as response. We have used the simpli¢ed protocol proposed by Smits et al. (1999) , which avoids the injection of PBS in the opposite wing-web as a control. Smits et al. have examined the results from PHA skin tests on 608 birds in seven studies representing passerines, waterfowl, upland game birds and raptors. Correlations between`PHA^PBS' and`PHA only' responses within each study showed a very close association. They conclude that`overall, the response to PHA was so much greater than the (non)response to PBS, that the PBS control may be considered an e¡ort illspent'. The advantages of eliminating the PBS injection are a decrease by half in the handling time of the birds (and thereby in stress), a reduction in the probability of errors when injecting into such a thin structure as the wing-web of a passerine and a decrease in the coe¤cient of variation that is due to measurement inaccuracies (Smits et al. 1999) . Smits et al. show convincingly that this protocol reduces innacuracies inherent in the technique.
Twelve days after hatching, females were captured and weighed with a Pesola spring balance to the nearest 0.1g. Subsequently they were injected with 0.05 ml of a solution of PHA in PBS (5 mg of PHA in 10 ml of PBS) in the left wing-web after measuring its thickness at the point of injection. Five measures were taken with a digital spessimeter with constant pressure (Mitutoyo 7/547, Tokyo, Japan) to the nearest 0.01mm to calculate the repeatability of wing-web measurements. We recaptured most females 24 h after the ¢rst capture to take ¢ve new measurements of the thickness of the left wing-web at the point of injection. Immune response was estimated as the di¡er-ence between initial and ¢nal measurements.
(c) Provisioning rates
We have recorded provisioning rates on days 3 and 13 after the chicks hatched. The ¢rst day represents the period when females have to brood ectothermic nestlings and males perform most of the feedings, while the second day represents the plateau in provisioning rates of almost £edged young by both parents. On day 3, nests were ¢lmed for 1h with a video camera to count the number of feeding trips performed by both mates. During the 24 h period between capturing and recapturing females (day 13 after hatching) we ¢lmed the entrance of the nest-boxes with a video camera for 1h to count the number of feeding trips performed by both mates, and to check that female behaviour at the nest was not markedly altered. The video camera was placed 5^10 m away from the nest-box. Handling of female pied £ycatchers has little e¡ect on their subsequent provisioning behaviour (Moreno et al. 1997) . However, all sessions in which one pair member that we knew was present in the study area did not turn up at the nest, have been excluded from analyses, as the absence could be due to the birds being disturbed by the camera or other unknown factors. There was no e¡ect of time of day when ¢lms were made on provisioning rates (correlations for males and females, days 3 and 13, p 4 0.15). Provisioning rates were square-root transformed to obtain normality in the data.
RESULTS
The brood manipulation treatment had a signi¢cant e¡ect on provisioning rates of males and females on day 3, with parents feeding reduced broods signi¢cantly less than control and enlarged broods (table 1). Treatment had a signi¢cant e¡ect on provisioning rates of males and females on day 13, with females feeding enlarged broods signi¢cantly more than control and reduced broods (table 1) . For males, only the di¡erence between the reduced and enlarged treatments was signi¢cant (table 1) . Females caring for enlarged broods weighed less on day 13 than the rest, while there was no di¡erence for males (table 1) . Provisioning rates on days 3 and 13 were highly correlated both for males (r 47 0.34, p 0.019) and for females (r 47 0.38, p 0.008). Enlarged broods resulted in more chicks £edged than control broods, and those more than reduced broods (table 1) . Di¡erences among treatments in mean chick size and mass were not signi¢cant (table 1) .
Repeatability of wing-web measurements was derived from the intra-class correlation coe¤cient in an ANOVA (Lessells & Boag 1987 A posteriori linear contrasts show that the response decreased from the reduced to the control and from the control to the enlarged group (F 1,30 8.14, p 0.008). In a multiple regression controlling for female mass, response was signi¢cantly associated with female provisoning rate on day 3 ( 33 70.34, p 0.036). This was not the case for female provisioning rate on day 13 ( 33 70.29, p 0.081).
DISCUSSION
Parents caring for enlarged broods provisioned their broods at a higher rate than parents of the control and reduced treatments on day 13, while males and females caring for reduced broods were less active in provisioning on day 3 than those of the control and enlarged treatments. If these simple measures of e¡ort involved in parental care can be considered as representative of parental exertion (see Moreno et al. (1995) for caveats about the use of simple provisioning rates), the experimental treatment had an e¡ect on the parental workload of both males and females. Moreno et al. (1995) showed no e¡ect of brood manipulations for females with respect to parental daily energy expenditure (DEE) in the same population in another year, while there was a weak e¡ect for males. However, DEE measures the total energy budget, and not that part devoted to exclusively parental activities. DEE appears to be constrained in birds (Moreno et al. 1999) , suggesting that it is not a good measure for detecting survival costs. Survival costs may be due either to a reallocation of energy resources among di¡erent functions within a constant total budget, or due to di¡erent mechanisms not directly involving energetic costs . There was also consistency in male and female workload between the ¢rst and second halves of the brood rearing period. Chicks did not di¡er among treatments in either size or mass, indicating that parents were able to adjust their e¡ort to brood demand.
Thus, increased parental e¡ort seemed capable of compensating for increased brood demand in enlarged broods.
However, maternal workload may have been increased already from incubation in our experiment, as the daily energy expenditure of incubating females increases with clutch size in this species (Moreno & Sanz 1994) . Including the incubation phase in experimental manipulations of parental e¡ort is necessary, given the increasing evidence that the optimal clutch size of birds could be in£uenced by the number of eggs the parents can a¡ord to incubate (Heaney & Monaghan 1996; Monaghan & Nager 1997; Thomson et al. 1998) . The practice of manipulating parental e¡ort only after hatching of the young in altricial birds (e.g. Nordling et al. 1998) seems at present to be well-entrenched among ¢eld workers, despite the fact that it removes the potentially limiting incubation phase (Moreno et al. 1991) .
Our results con¢rm the evidence of a link between parental e¡ort and immunity (Deerenberg et al. 1997; Nordling et al. 1998 ) by focusing on a di¡erent aspect of the immune response, namely T-cell dependent immunocompetence. By using a simpli¢ed protocol of the skin testing technique (Smits et al. 1999) we are able to show that cellular proliferation after the injection of a mitogen depends on experimental clutch manipulation. Females caring for enlarged broods had a signi¢cantly lower response. These females had a higher provisioning rate, suggesting that maternal e¡ort is directly involved in immunosuppression. Also, response was negatively associated with brood size on day 13 and with provisioning rate on day 3. Thus, maternal workload during the brooding phase may be as or even more important than during the late nestling phase (Moreno 1989; Sanz 1997) . Parental e¡ort should be measured during this crucial ¢rst half of the nestling period in altricial birds, as its e¡ects on general condition may be more crucial than e¡ort expended at a later stage (Moreno & Hillstro« m 1992) . Our results and those of Nordling et al. (1998) are the ¢rst to relate immune response to parental e¡ort in a wild population in the context of a ¢eld experiment.
The negative independent e¡ect of female mass on immune response has to be factored out in all analyses of parental e¡ort, as it runs against the e¡ect of maternal workload (a greater e¡ort leads to lower mass and lower response, while a higher mass is associated with a lower response). It has been shown that mass loss is a typical aspect of the immune response (Beisel 1977; Deerenberg et al. 1997) . Thus, lighter females may be those investing more in immune function independently of parental e¡ort. A greater investment in immune function would negatively a¡ect body reserves. This e¡ect would obscure the impact of maternal e¡ort on immunocompetence, given the independent e¡ects of treatment on body reserves and on immune response. The physiological implications of a negative association between cellular immunocompetence and body mass remain to be explored.
To conclude, we have been able to show a negative e¡ect of maternal e¡ort, measured as experimental treatment, experimental brood size or provisioning rate, on T-cellmediated immune function in a ¢eld situation, thus providing support for the hypothesis that immune suppression caused by reproductive e¡ort may be an important mechanism mediating the life-history cost of reproduction. 
